Introduction {#Sec1}
============

Autophagy is a cellular degradation pathway for the clearance of cytoplasmic materials, damaged organelles and aggregate-prone proteins in lysosomes. The recycling of these intracellular constituents also serves as an alternative energy source during periods of metabolic stress to maintain homeostasis and viability. In tumour cells with defects in apoptosis, autophagy allows prolonged survival. Intriguingly, defective autophagy is also reported to play a critical role in tumorigenesis. But the mechanism has not been determined. Recent evidence shows that autophagy provides a protective function to limit tumour necrosis and inflammation, and to mitigate genome damage in tumour cells in response to metabolic stress \[[@CR1]--[@CR3]\]. As the first identified mammalian autophagy effecter, Beclin 1 is essential for the initiation of autophagy via its interaction with the class III phosphatidylinositol-3-kinase Vps34 \[[@CR4]\]. The *beclin 1* gene maps to a tumour susceptibility locus on human chromosome 17q21 that is mono-allelically deleted in 75, 50 and 40 % of ovarian, breast, and prostate cancers, respectively \[[@CR5]--[@CR7]\]. Beclin 1 has been characterized as a tumor suppressor, since heterozygous disruption of Beclin 1 mice display increased proliferation and increased frequency of spontaneous malignancy and mammary neoplasia \[[@CR8], [@CR9]\]. And Beclin 1 expression suppresses tumorigenicity of cancer cells \[[@CR10]\]. Furthermore, the Beclin 1 gene is monoallelically deleted in most cases of sporadic human cancers \[[@CR11], [@CR12]\].

Compared to Beclin 1 level in normal adjacent breast tissue, low Beclin 1 protein expression was confirmed in a small series of human breast tumors, but any correlation between allelic *beclin 1* loss, and thus defective autophagy and clinical outcome in breast cancer remains to be investigated. Decreased Beclin 1 mRNA and protein expression was also demonstrated in glioblastoma multiforme and other high-grade brain tumors. In contrast, higher expression of Beclin 1 was detected in the majority of colorectal (95 %) and gastric (83 %) carcinomas when compared to the normal stomach and colorectal mucosa, which showed very low or undetectable Beclin 1 levels. However, in those cases, Beclin 1 expression did not show any correlation with pathological or clinical characteristics, suggesting that it plays a role in cancer development but not in cancer progression \[[@CR13]\]. Interestingly, there is a small part of colorectal cancers with low expression of Beclin 1. Moreover, low expression of Beclin 1, associated with high Bcl-xL predicts a malignant phenotype and poor prognosis of gastric cancer \[[@CR14]\]. Therefore, it is conceivable that the tumor suppressive function of Beclin 1 may be individual-specific, which is certainly worthy of further investigation.

In this study, we investigated the role that autophagy plays in colorectal cancer cases with low expression of Beclin 1. Our data revealed that some colorectal cancers, which are characterized by reduced Beclin 1 level, displayed impaired autophagy, while introducing exogenous Beclin 1 to colorectal cancer cells restored impaired autophagy and inhibited tumorigenesis.

Methods {#Sec2}
=======

Tissue Samples and Cell Lines {#Sec3}
-----------------------------

Surgically resected specimens from colorectal cancer and matched adjacent normal tissues were collected from 175 colorectal cancer patients undergoing surgery at Hunan Provincial People's Hospital during the period 2010--2012 in accordance with China law and ethical guidelines, and informed consent was obtained from patients prior to resection. The corresponding adjacent normal tissue samples were selected 12--15 cm away from the site at which the primary tumor was sampled. HT29 cell line was purchased from ATCC and cultured in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10 % fetal bovine serum (GIBCO) and 4 mM glutamine.

Immunohistochemistry {#Sec4}
--------------------

Paraffin-embedded sections were deparaffinized and subjected to immunohistochemical staining for Beclin 1 and LC3 antibodies (Cell Signal Technology). The sections were microwaved in 10 mM sodium citrate buffer (pH 6.0) at 10 min intervals for a total of 20 min. Endogenous peroxidase activity was blocked by incubating the sections in a solution of 3.0 % hydrogen peroxide for 20 min at room temperature. After washing in PBS the sections were incubated with the primary Beclin 1 (1:200) and LC3 (1:50) antibody, overnight at 4 °C. The sections were washed with PBS and incubated with biotinylated secondary antibody for 30 min, followed by incubation with streptavidin--biotin--peroxidase complex, a solution 3--3′diaminobenzidine (Sigma) containing 1.0 % hydrogen peroxide, and lightly counterstained with Harris hematoxylin. All images were analyzed using Image Pro Plus software (Media Cybernetics, Bethesda, MD). The total intensity of staining and the area covered by whitespace (non-tissue) were recorded for each image (5--6 images/slide).

Western Blot {#Sec5}
------------

Tissues were homogenized with lysis buffer containing 50 mM Tris--HCl, 150 mM NaCl, 1 % sodium deoxycholate, 0.1 % SDS, 20 mM EDTA, 1 mM NaF, and 1 % Triton X-100 (pH 7.4) with protease inhibitors (Promega). The protein concentration was determined using the BCA protein assay Kit (Priece). Lysis was run in a 8--15 % sodium dodecyl sulfate--polyacrylamide electrophoresis (SDS-PAGE) gel, transferred to PVDF membranes (Millipore), and incubated with antibodies against Beclin 1, LC3 and actin (Sigma) and visualized by enhanced chemiluminescence (GE).

Retrovirus Production {#Sec6}
---------------------

For retrovirus production, *Beclin 1* was cloned into the vector pQCXIP (Clontech). HEK 293T cells were seeded in 10-cm diameter dishes. The HEK 293T packaging cells (at 30--50 % confluence) were co-transfected using Lipofectamine (Invitrogen) with pE-ampho vector (Takara Bio) and pQCXIP-Beclin 1. Retroviral particles were collected, filtered through the 0.45-μm syringe filter and used in the presence of polybrene (8 μg/ml final concentration) to infect cells for 12 h.

Colony Formation Assay and Growth Curves {#Sec7}
----------------------------------------

Forty-eight hours after infection, the HT-29 cells were replated in 10-cm diameter dishes and maintained in conditional medium containing 800 μg/ml of G418 (GIBCO). Cultures were replated in the densities of 1 × 10^3^, 5 × 10^2^, or 2.5 × 10^2^ on 10 cm-diameter dishes in triplicates and maintained for 2 weeks. The neoresistant colonies were fixed with methanol, stained with Giemsa, and counted. The number of colonies on the control dishes was used as the 100 % in this assay.

The cells were infected with retrovirus. Growth curves were generated by plating 10^5^ cells in the DMEM medium for 24, 48 and 72 h in triplicates. The cells were harvested with trypsin and counted at intervals.

Mouse Xenograft Studies {#Sec8}
-----------------------

For HT-29 cancer cell xenograft experiments, 4--5 weeks aged female *nu/nu* nude mice (purchased from *Shanghai* Slac Laboratory Animal) were approved by the University of Hunan Normal University Animal Care and Use Committee. Xenograft tumors were established by s.c. injecting 1 × 10^6^ HT-29 cells suspended in 50 % matrigel into the flanks of severe combined immunodeficiency mice. Tumor measurements were taken on day 30. Tumor growth was monitored by calipers, and tumor volumes were calculated according to the formula: 0.5 × length × width^2^. Seven mice were injected and 13 tumors were assessed for each condition.

Statistical Analyses {#Sec9}
--------------------

Statistical analysis was performed using the Mann--Whitney *U* test. All of the results were expressed as mean ± SD values; statistical analysis for the multiplicity was performed using ANOVA or Student's *t* test, where appropriate. The results were considered to be statistically significant when *P* values were \<0.05.

Results {#Sec10}
=======

LC3 was Suppressed in the Tumour Tissues with Low-Expression Level of Beclin 1 {#Sec11}
------------------------------------------------------------------------------

All of the tumors were categorized based on the histopathologic diagnosis. Tumor samples were reevaluated by a pathologist to confirm the diagnosis and were graded according to the World Health Organization criteria. Beclin 1, a haploinsufficient tumor suppressor gene \[[@CR9]\], is essential for early embryonic development and may be involved in colorectal tumorigenesis \[[@CR15]\]. To confirm the role of Beclin 1 in colorectal tumorigenesis, we detected the expression levels of Beclin 1 in 175 colorectal cancer tissues by immunohistochemstry. Most of them showed strong Beclin 1 staining (Fig. [1](#Fig1){ref-type="fig"}a) compared with paired normal adjacent tissues (Fig. [1](#Fig1){ref-type="fig"}b), but 19 colorectal cancer tissues present weak Beclin 1 and LC3 staining (Fig. [1](#Fig1){ref-type="fig"}c) in comparison to paired control (Fig. [1](#Fig1){ref-type="fig"}d). We further tested for Beclin 1 and LC3 II in these 19 samples by western blot (Fig. [2](#Fig2){ref-type="fig"}). Our results showed that the expression of Beclin 1 in cancer tissues were significantly lower than that in paired normal adjacent tissues. Meanwhile, we also found that expression of LC3 in these 19 samples was decreased (Fig. [2](#Fig2){ref-type="fig"}). It indicated that the expression of Beclin 1 was reduced at least in partial colorectal tissues, and decreased Beclin 1 may be involved in autophagy regulation in colorectal tumorigenesis.Fig. 1Expression of Beclin 1 and LC3 in colorectal cancer tissues. Immunohistochemical staining for Beclin 1 and LC3 were performed in paraffin-embedded sections of colorectal cancer and normal adjacent tissues. Most tumors showed Beclin 1 and LC3 with strong staining (**a**) in comparison to paired normal adjacent tissues (**b**). But some colorectal cancer tissues showed weak staining (**c**) in comparison to paired normal adjacent tissues (**d**). Representative pictures were presented. Scale bars, 50 μmFig. 2The expression of LC3 II was decreased in colorectal cancer tissues with downregulation of Beclin 1. Western blot analysis of Beclin 1 and LC3 II expression in paired normal adjacent tissues (control) and colorectal cancer tissues (colorectal cancer). **a** Quantitative analysis of expression of Beclin 1 (**b**) and LC3 II (**c**) in colorectal cancer tissues and normal adjacent tissues. Actin is a loading control. Data were presented as a mean ± SD, *n* = 19, \*\**P* \< 0.01

Overexpression of Beclin 1 Inhibits Colorectal Cancer Cell Growth {#Sec12}
-----------------------------------------------------------------

To investigate whether an anti-tumor effect of Beclin 1 was affected by exogenous Beclin 1, we expressed exogenous Beclin 1 by infection of retrovirus in HT29 cells in which the expression of Beclin 1 mRNA was lower than in the other colorectal cancer cell lines \[[@CR16]\]. Overexpression of Beclin 1 potently inhibited colony-forming activity in the HT29 cell line (Fig. [3](#Fig3){ref-type="fig"}a, b) and resulted in a reduction in the rate of cell growth (Fig. [3](#Fig3){ref-type="fig"}c). Moreover, Beclin1 induced a decreased tumor growth in vivo when stably expressed Beclin1 cells were injected as xenografts (Fig. [3](#Fig3){ref-type="fig"}d, e). However, exogenous Beclin 1 did not show an affection on inhibition of cell growth in HCT-116 and SW48 cell lines with high-level Beclin 1 in comparison to HT-29 and wild type p53 \[[@CR17]\] (Fig. [S1](#Sec16){ref-type="sec"}).Fig. 3Growth suppressive effects of Beclin 1 in HT-29 cells. **a** Colony formation assay demonstrating that wild-type Beclin 1 suppresses cell growth in HT29 cells. Representative dishes are shown for control virus infection (Mock) and Beclin 1 virus infection (Beclin 1). Quantization of results is shown in (**b**). Overexpression of Beclin 1 reduces growth rate in HT29 cells (**c**). HT29 cells were infected with control virus and Beclin 1 virus. All experiments were performed in triplicate. \**P* \< 0.05 (*t* test) for Beclin 1 compared to control. Beclin 1 suppressed tumor growth in vivo (**d**, **e**). HT29 cells stably expressed Beclin 1 and control were injected as xenografts. Representative tumors are shown in **d** and tumor sizes are shown in **e** (*n* = 13). \*\**P* \< 0.01 (*t* test) for Beclin 1 compared to control. Data presented as mean ± SD

Enhancement of the Rapamycin-Induced Antitumor Effect on HT29 Cells by Overexpression of Beclin 1 {#Sec13}
-------------------------------------------------------------------------------------------------

We proposed that mammalian autophagy gene *beclin 1* negatively regulated tumorigenesis in the HT29 cell line. Therefore, we investigated the effects of *beclin 1* gene transfer on the autophagic activity and growth properties of HT29 cells. HT29 cells have a low expression level of endogenous Beclin 1 \[[@CR16]\]. To investigate whether impaired autophagy activity was affected by exogenous Beclin 1, we infected HT29 cells with a recombinant retrovirus expressed Beclin 1-HA. Exogenous Beclin 1 fused HA peptide tag was detected by western blot (Fig. [4](#Fig4){ref-type="fig"}a). Our results showed that Beclin 1 increased the rapamycin-induced level of LC3 II (Fig. [4](#Fig4){ref-type="fig"}b, c), and enhanced the rapamycin-induced antitumor activity on HT29 cells (Fig. [4](#Fig4){ref-type="fig"}d).Fig. 4Effect of enhanced rapamycin-induced autophagy by overexpression of Beclin 1. Beclin 1 was overexpressed in HT29 cell by infection. HT29 cell was infected with virus containing Beclin 1-HA for 72 h and detected by immunoblotting with antibody against HA (**a**). Rapamycin-induced autophagy was enhanced of by infection of Beclin 1. HT29 cell was infected with Beclin 1 or mock, and treated with 100 nM rapamycine for 24 h. Cells were lysed and processed for immunoblotting with antibody against LC3 (**b**). LC3II/Actin was quantified (**c**). Data were presented as a mean ± SD of three independent experiments. \*\**P* \< 0.01. Overexpression of Beclin 1 reduces growth rate in HT29 cells and enhances the rapamycin-induced anti-tumor effect on HT29 cells (**d**). \*\* Beclin 1 versus Beclin 1 + Rapa *P* \< 0.01

Discussion {#Sec14}
==========

Decreased expression of Beclin 1 has been observed in human breast, ovarian and brain tumors \[[@CR18], [@CR19]\]. But Beclin 1 was rarely mutated in both colorectal and gastric cancers, suggesting that point mutations are not a main mechanism of Beclin 1 inactivation in colorectal cancers \[[@CR20]\]. Surprisingly, increased expression of Beclin 1 was observed in most malignant colorectal and gastric epithelial cells \[[@CR13], [@CR15]\]. Consistent with our study, we also confirmed that most colorectal cancer showed strong Beclin 1 staining (156/175, 89.14 %). However, a small part of colorectal cancers showed weak Beclin 1 staining (19/175, 9.86 %), compared with paired normal adjacent tissues (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}). Although the mechanism by which overexpression of Beclin 1 contributes to colorectal tumorigenesis is under intense investigation, we focus on the mechanism of the colorectal cancer with weak Beclin 1 staining in this study. We found that some of the colorectal cancer tissues show downregulation of Beclin 1 and low autophagy activity. We also demonstrated that overexpression of Beclin 1 and activation of autophagy inhibit colorectal cancer cell proliferation in the cell with Beclin 1 downregulation.

Beclin 1, the mammalian orthologue of yeast Atg6, has an essential role in autophagy, a process of programmed cell survival, which is increased during periods of cell stress and extinguished during the cell cycle. Beclin 1 interacts with several cofactors to regulate the lipid kinase Vps-34 protein and promote formation of Beclin 1-Vps34-Vps15 core complexes, thereby inducing autophagy \[[@CR21]\]. The biochemical and genetic properties of Beclin 1 suggest its role in the induction of autophagy and inhibition of tumorigenesis \[[@CR10]\]. Beclin 1 maps to a tumor susceptibility locus that is monoallelically deleted in a high percentage of human breast, ovarian and prostate cancers \[[@CR18]\]. The monoallelic deletions of Beclin 1 in human cancer likely contribute to tumorigenesis, as targeted mutant mice with heterozygous disruption of Beclin 1 have decreased autophagy, and spontaneously developed tumors including lymphomas, lung carcinomas, hepatocellular carcinomas and mammary precancerous lesions as they age and undergo accelerated hepatitis B virus-induced carcinogenesis \[[@CR8], [@CR9]\]. Furthermore, it is consistent with our results that exogenous Beclin 1 gene inhibits tumor growth in colorectal cancer cell lines \[[@CR16]\].

Beclin 1 is involved in regulating autophagy and apoptosis \[[@CR21]\]. Autophagy is reported to play a critical role in colorectal tumorigenesis. Autophagy is activated in colorectal cancer cells and tissues and contributes to the tolerance to nutrient deprivation \[[@CR22], [@CR23]\]. Inhibition of autophagy markedly reduced cell viability and enhanced anti-tumor effects of several drugs for colorectal cancer \[[@CR24]--[@CR26]\]. However, the role of autophagy in colorectal tumorigenesis is paradoxical. Evidence has indicated that activation of autophagy contributes to colorectal tumorigenesis, but it also provides some advantages to the tumor suppressor function. Autophagy has been proposed to play a tumor-suppressive role in the early stages of tumorigenesis. Human tumors were detected with mutations in the PI3-kinase pathway, leading to activation of mTOR and thus suppression of autophagy \[[@CR27], [@CR28]\]. More importantly, mice with impaired autophagy, such as *Beclin1*−/− and *Atg4C*−/−, are more prone to develop tumors \[[@CR9]\]. Defection and down-regulated expression of autophagy-related genes were associated with colorectal tumorigenesis \[[@CR29], [@CR30]\]. Induction of autophagy contributes to proliferative arrest or apoptosis in human colorectal cancer cells \[[@CR31], [@CR32]\]. This evidence suggested autophagy had a dual role in colorectal tumorigenesis \[[@CR33]\]. We also investigated the role of autophagy in the HT29 cell line, in which the expression of Beclin 1 mRNA was lower than that in the other colorectal cancer cell lines \[[@CR16]\]. We also introduced exogenous Beclin 1 in HCT-116 and SW48 cell lines with high-level Beclin 1 comparison of HT-29 and wild type p53 \[[@CR17]\]. But no inhibition of cell growth was found (Fig. [S1](#Sec16){ref-type="sec"}). The HT-29 cell line has an overproduced p53 mutant \[[@CR34]\]. It was reported that p53 plays a negative role in regulating HMGB1/Beclin 1 complex \[[@CR35]\]. Meanwhile, Beclin 1 controlled the levels of p53 by regulating the deubiquitination activity of USP10 and USP13 \[[@CR36]\]. Our results showed knockdown p53 expression can increase Beclin 1 level in HT-29 cell (Fig. [S2](#Sec16){ref-type="sec"}). So, an overproduced p53 mutant has a potential inactive effect on Beclin 1 and impairs autophagy in the HT-29 cell. But the exact mechanism still needs further study.

We showed activation of autophagy significantly reduced cell viability and enhanced anti-tumor effects of rapamycin for colorectal cancer cell line HT29. Autophgy was inhibited in colorectal cancer tissues with low-expression Beclin 1 (Fig. [2](#Fig2){ref-type="fig"}). Importantly, we also found exogenous Beclin 1 increases the expression of LC3 II in HT-29 cells (Fig. [4](#Fig4){ref-type="fig"}b). Although the Bcl-2/Beclin 1 interaction was clearly an important checkpoint in autophagy induction of rapamycin (an mTOR inhibitor), less apparent effects were seen on the release of Beclin 1 from Bcl-XL \[[@CR37]\]. mTORC1 was inhibited and autophagy was initiated by the ULK1 complex. During starvation, the phosphorylation of Beclin 1 by DAPK and JNK1 trigger the dissociation of Bcl-2 from Beclin 1 \[[@CR21]\]. The functional relationship between autophagy initiation complexs and nucleation complexes remains to be determined. Unknown regulative pathways of Beclin 1 may act in parallel with the mTOR pathway to regulate autophagy. Additional studies to evaluate these possibilities should be informative.

Conclusion {#Sec15}
==========

Our results indicate that defective Beclin 1 and autophagy inhibition may play an important role in a part of colorectal tumorigenesis and activation of autophagy by overexperssion of Beclin 1, which may be an effective treatment for some colorectal tumor. Thus, detection of the expression profile of Beclin 1 in colorectal cancer might be a strategy for new diagnostic and therapeutic methods.
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Fig. S1

Growth suppressive effects of Beclin1 in HCT-116 and SW48 cells. HCT-116 and SW48 cells were infected with control virus (mock) and Beclin1 virus (Beclin 1-HA).**A** Exogenous Beclin 1 tagged HA peptide was detected by western blot using HA antibody.**B** Overexpression of Beclin 1 has no effect on cell growth in HCT-116 and SW48 cells. All experiments were performed in triplicate. Results shown are the mean ± SD. (TIFF 11550 kb)
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Fig. S2

Knockdown of p53 induces an increased Beclin 1 in HT-29 cells. HT-29 cells were transfected with 10 nM p53-targeting siRNAs (siRNA target sequence: siRNA\#1 GCACAGAGGAAGAGAAUCU, siRNA\#2GAAGAAACCACUGGAUGGA, siRNA\#3GAGGUUGGCUCUGACUGUA), or siRNA control for 48 h. p53 and Beclin 1 expression were detected by western blot. Actin was used as a loading control. (TIFF 3139 kb)
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